After 72 hr of clonal induction, no diap1 22-8s/22-8s cells were detected, whereas the ϩ/ϩ twin spots had grown to sizable mosaic clones ( Figure 1F ). This indicates that
). Strikingly, these wing To understand how cell death is compensated for by imaginal discs were significantly larger than control cell proliferation, we considered two models (Figure 2A) . discs, averaging a 45% increase in size ( Figure 2D and In the "active model," dying cells secrete mitogens to Supplemental Figure S1A ), and the corresponding aniinduce proliferation of cells in the vicinity. By contrast, mals died during the pupal stage. A similar observation in the "passive model," the dying cells do not invoke was made with another diap1 allele, diap1 33-1s (Supplemitogenic signaling. In this case, the absence of cells mental Figures S1B and S1C). As previously reported, stimulates extraproliferation, for example, through physthe expression of p35 alone did not affect cell growth ical changes in cell-cell boundaries or other indirect and proliferation (Neufeld et al., 1998 22-8s/22-8s population, the sister diap1 ϩ/ϩ population developed into a (Supplemental Figure S2) . As undead cells moved toward the basal side of imaginal discs, negative labeling full-size P compartment ( Figure 2C Figure 4D ). To test whether wg is induced autonomously, we used a wg-lacZ reout the entire P compartment ( Figure 3E ). Once again, increased BrdU incorporation was observed both within porter with a nuclear localization sequence. The diap1 22-8s/22-8s cells were marked positively for higher the P compartment and in the A compartment cells near the A/P boundary, suggesting that secretory mitogens Dronc levels, as these undead cells shifted basally and negative marking by GFP gave inaccurate clonal boundcells varied depending on its relative position within a wing disc, with stronger induction observed in the wing aries for the diap1 22-8s/22-8s population. Here, the nuclear lacZ expression was found strictly within the diap1 22-8s/22-8s pouch region. Although the cause for this variation is unclear, the degree of wg and dpp induction correlates population (Supplemental Figure S3 ). To test whether overexpression of hid and p35 activated wg, we generwith the sensitivity to activate apoptosis and JNK signaling. Therefore, we speculate that the degree of wg and ated mosaic clones expressing hid and p35 for 72 hr. Again, the hid-and p35-expressing clones showed audpp induction may be, in part, a result of a cell's sensitivity to activate the apoptotic program. tonomous induction of wg (Figures 4E and 4F ). These results demonstrate that eliminating diap1 function leads to the induction of wg expression.
wg Signaling Is Required for Cell Proliferation In order to test whether the wg pathway is required for dpp is another secretory factor that acts as a morphogen, mitogen, and survival factor (Burke and Basler, compensatory cell proliferation, we conditionally abrogated the response to wg signaling. wg signaling is me-1996; Moreno et al., 2002; Martin-Castellanos and Edgar, 2002). In wing imaginal discs, dpp is normally exdiated by the transcription factor TCF, which can be inhibited by overexpression of the N-terminal deleted pressed in the A compartment, alongside the A/P boundary ( Figure 4G) 4I ). Double labeling with anti-Dronc indicated that the wing disc throughout the P compartment. For this purpose, we used the Gal4/Gal80 ts system to temporally dpp-lacZ induction was autonomous in these cells (Supplemental Figure S3 ). Ectopic dpp-lacZ was also obcontrol transgene expression (McGuire et al., 2003) . Under these conditions, Hid protein accumulated at higher served in imaginal discs harboring diap1 th5/th5 clones (Figure 4J) . Moreover, cells overexpressing hid and p35 levels closer to the A/P border ( Figures 5B-5E ), but lower levels of Hid in some parts of the P compartment were within the P compartment induced dpp-lacZ expression ( Figures 4K and 4L ). These results demonstrate that difficult to detect, due to the fixation protocol required for BrdU labeling. However, the engrailed promoter used cells stimulated to undergo apoptosis can activate the expression of wg and dpp.
in this study drives transgene expression in all cells of the P compartment, as verified by antibody labeling The degree of wg and dpp induction in the undead hid (Figure 5F ). After 24 hr, BrdU incorporation within the P compartment was almost completely sup-5G-5J). These observations are consistent with the mitogenic role of wg in certain parts of the wing imaginal pressed in those parts of the wing discs with high transgene expression levels ( Figures 5D and 5E ). Under these disc. However, activating wg signaling alone did not promote clonal growth in the distal parts of wing imagiconditions, the A compartment cells immediately neighboring the Hid-expressing cells appear to retain elenal discs. This indicates that, at least in this region of the disc, activating wg alone is not sufficient to promote vated BrdU incorporation; this is suggestive of a nonautonomous proliferative response (Figures 5D and 5E) . proliferation and suggests a requirement for other factors. Taken together, these experiments suggest that wg signaling is required for both the basal level of cell division in wing discs as well as the proliferation induced in we considered the JNK signaling pathway as a candidate, since its activity is known to correlate with many clones expressing ⌬arm were generated and examined coexpression of dronc DN did not limit growth ( Figure 6I , columns 5 and 6). Wing size measurements also correTo induce patches of undead cells, we generated wing imaginal discs with mosaic clones expressing hid and lated with the degree of wg induction. The larger size of discs harboring hid-and p35-expressing cells is not p35. 48 hr after induction, these imaginal discs contained hid-expressing clones that autonomously indue simply to extra cell survival. First, these undead cells are derived from the normal lineage. Second, the duced wg (see Figures 4E and 4F ). Using this experimental setup, we tested whether additional expression of size of wing discs expressing hid, p35, and puc serves as a control ( Figure 6I, columns 3 and 4) . In this case, either dronc DN or puc blocks wg induction in undead cells. When dronc DN was coexpressed, a subset of the although a large number of undead cells were generated, no significant increase in disc size was observed, hid-expressing population was still able to induce wg ( Figures 6A and 6B) . In contrast, when puc was coexin stark contrast to the discs expressing hid and p35 only. We conclude that the JNK pathway is required for pressed, wg induction by hid was almost completely blocked ( Figures 6C and 6D) . These results provide evithe nonautonomous growth promoting activity of the undead cells. dence that the JNK pathway is required for wg induction under these conditions but fail to uncover a similar requirement for Dronc.
(A) Uninduced control wing disc. (B and C) BrdU incorporation is diminished after 12 hr of transgene induction. (C) BrdU single channel of the image in (B). (D and E) Inducing transgenes for 24 hr lead to an almost complete block in cell proliferation (arrow), correlating with the level of Hid protein (blue). (F) Control disc without uas-hid shows that
Reduction of puckered Enhances wg Induction and Growth Stimulation To independently investigate the role of puc and dronc DN in compensatory proliferation, we measured the To confirm a role of puc in imaginal disc growth, we coexpressed rpr and p35 in wild-type and puc Ϫ/ϩ imagisize of wing discs harboring undead cells and compared them with those of the sibling controls ( Figure 6I) . Under nal discs. Like hid, rpr is a DIAP1 antagonist, but with a weaker cell killing activity when overexpressed in our experimental conditions, wing discs harboring hid- /ϩ. On the lower right is a disc coexpressing rpr and p35 within the P compartment in puc E69 /ϩ background. Genotype: uas-rpr/ϩ; uas-p35/en-Gal4; puc E69 /ϩ. The latter disc shows significantly increased BrdU incorporation and larger disc size as compared to the controls. Notably, BrdU incorporation occurs nonautonomously from puc-lacZ expressing cells. (I) Size measurement of wing discs containing undead cells. Columns 1-6 represent discs where undead mosaic clones were induced 48 hr prior to dissection (see Experimental Procedures). Genotype: uas-hid/(hs-flp); uas-p35/tubϾGFPϾGal4; uas-X. The transgenes expressed are indicated on the right of the graph. The sibling controls lack hs-flp, but were otherwise raised in the same environment. Asterisks indicate those discs that give a statistically significant size difference compared to sibling controls. n is the number of samples analyzed. Columns 1 and 2: Wing discs containing hid-, p35-expressing clones were on average 54% larger than their sibling controls (p Ͻ 0.001; n ϭ 21). Columns 3 and 4: When the JNK pathway was blocked in these clones through coexpression of puc, these wing discs were on average only 12% larger than their sibling controls, and not statistically significant (n ϭ 16). Columns 5 and 6: When the dronc DN was coexpressed in the mosaic clones, these wing discs were 35% larger than their sibling controls and comparable in size to those in column 1 (p Ͻ 0.01; n ϭ 15). Columns 7 and 8: Genotype: uas-rpr; uas-p35/en-Gal4; (puc)/ϩ. Discs expressing rpr and p35 in the posterior compartment. puc Ϫ/ϩ background enhanced the wing disc size on average 41%, compared to the sibling controls without the puc mutation (p Ͻ 0.002; n ϭ 26). In many animal tissues, injury-provoked cell death is compensated for by extracell proliferation of neigh-DIAP1 inhibiting activity ( Figure 6E ). In contrast, ectopic wg expression was strongly enhanced in puc Ϫ/ϩ discs boring cells. In Drosophila, apoptosis in response to cellular injury, such as irradiation, is typically mediated (Figures 6E-6G) . Because the puc allele used, puc We next tested whether the reduction of puc had an and Hid or by mutational inactivation, led to the induction of the putative mitogens wg and dpp. When apoptoeffect on apoptosis-induced cell proliferation. Whereas puc Ϫ/ϩ discs expressing only p35 had BrdU incorporasis was initiated through DIAP1 inhibition but cells were kept alive by blocking caspases, the resulting "undead tion similar to wild-type discs, coexpression of rpr and p35 in puc Ϫ/ϩ led to a significant increase in BrdU incorcells" exhibited strong mitogenic activity and stimulated tissue overgrowth. Inhibiting wg signaling with a condiporation ( Figure 7H) . Also, the size of these discs were on average 41% larger than those coexpressing rpr and tional TCF DN blocked cell proliferation in imaginal discs, indicating that wg has an essential mitogenic function. p35 in a puc ϩ/ϩ background ( Figure 6I ). Taken together, these results show that diap1 inhibition leads to JNK Finally, we provide evidence that the JNK pathway mediates mitogen expression and imaginal disc overgrowth activation and that JNK activity promotes wg induction and cell proliferation. Such a long time course allows for a multitude of secMany of our results were obtained with undead cells, ondary effects. We have attempted to improve upon i.e., cells stimulated to undergo apoptosis but rescued such pitfalls by using a conditional gene activation sysfrom death by caspase inhibition. Consequently, it may tem to examine the mitogenic effect of wg signaling over be argued that mitogenic signaling under these condia short time course (12 hr). Our results indicate that wg tions is a unique property of undead cells and not physisignaling is required for cell proliferation and hence may ologically relevant. However, we show that JNK activacontribute to the regulation of normal disc growth. In tion induces expression of wg and dpp autonomously addition, we found that compensatory proliferation canin "genuine" apoptotic cells (Figure 7) . Therefore, we not bypass the requirement for wg signaling. However, favor the view that extending the life of doomed cells our results do not exclude the possibility that additional by p35 expression simply enhances a phenomenon that mitogens are required. is otherwise transient and difficult to observe. Rapid clearance of apoptotic cells is presumably important to limit their mitogenic activity to achieve compensatory Implications in Cancer and Growth Control Besides its contribution to compensatory proliferation growth, as opposed to the tissue overgrowths seen with undead cells. It has been reported that wg, dpp, and hh in Drosophila imaginal discs, mitogenic signaling in response to stress-induced apoptosis may be a more genare involved in the regeneration of fragmented imaginal discs, a phenomenon in which cut and cultured imaginal eral and an evolutionary conserved phenomenon. For example, hallmarks of cancer include apoptotic stress, disc fragments undergo massive proliferation (Bryant, 1971; Gibson and Schubiger, 1999) hyperplasia in mouse models and human malignancies.
